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that all-trans-RAL is the most likely substrate since it
stimulates ABCR ATPase activity 3- to 4-fold with a half- Selected Reading
maximal effect at 10±15 mM. This stimulatory effect was
Allikmets, R., Singh, N., Sun, H., Shroyer, N.F., Hutchinson, A., Chi-observed only when PE was present in the proteolipo-
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Bok, D. (1993). J. Cell Sci. 17 (suppl.), 189±195.A second, interesting feature of the ABCR null mice
Dowling, J. (1960). Nature 168, 114±118.is the observation that their RPE accumulates lipofuscin
Eldred, G.E. (1995). Gerontology 41, 15±28.at a much faster rate than wild-type controls. Lipofuscin
Eldred, G.E., and Lasky, M.R. (1993). Nature 361, 724±726.consists of material that cannot be degraded by lyso-
Fain, G.L., Matthews, H.R., and Cornwall, M.D. (1996). Trends Neu-somal enzymes. Furthermore, the major chromophore
rosci. 19, 502±507.of RPE lipofuscin, called A2-E, a condensation product
Fishman, G.A., Farbman, J.S., and Alexander, K.R. (1991). Ophthal-of two all-trans-RAL molecules and PE, accumulates
mology 98, 957±962.more rapidly in the RPE of ABCR nulls. This suggests
Illing, M., Molday, L.L., and Molday, R.S. (1997). J. Biol. Chem. 272,that NRPE, unable to leave the outer segment discs, is
10303±10310.trapped there until ingested by the RPE. Interestingly,
Sun, H., Molday, R.S., and Nathans, J. (1999). J. Biol. Chem. 274,the consequence of this is observed not in the outer
8259±8281.segments, but in the RPE, whose multiple tasks include
Weng, J., Mata, N.L., Azarian, S.M., Tzekov, R.T., Birch, D.G., andthe daily phagocytosis and digestion of shed distal rod
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outer segments (Young and Bok, 1969). Within the lyso-
Young, R.W., and Bok, D. (1969). J. Cell Biol. 42, 392±402.
somes of the RPE, NRPE is apparently converted to
A2-E where it suppresses enzyme activity (Eldred, 1995)
and serves as a lysosomotropic agent due to its deter-
gent-like properties (Eldred and Lasky, 1993). Impor-
tantly, Stargardt patients also exhibit elevated levels of
lipofuscin in their RPE cells and suffer from delayed CREB Can Get You Depressed
dark adaptation (Fishman et al., 1991). RPE cells also
ordinarily provide the photoreceptor cells with nutrients
and maintain their proper ionic environment. Apparently, Many neuronal systems exhibit both a protein synthesis±
the insult to the RPE eventually compromises its func- independent early phase of synaptic plasticity and a
tion and, due to its inability to properly nurture the photo-
distinct late phase of synaptic plasticity, which lasts
receptor cells (providing essential nutrients and per-
many hours or days and requires new protein synthesis
forming its phagocytic role), the rods die.
and gene transcription. Similarly, memory has both a
What is the physiological basis for the delayed dark
short-term component that is independent of proteinadaptation in null ABCR mice and Stargardt patients?
synthesis and a long-term component that requiresPresumably, all-trans-RAL prolongs its stay in the bind-
translation and transcription. The transcription factoring pocket of opsin and prevents the uptake and binding
CREB is a prominent candidate molecule for mediatingof 11-cis-RAL. Additionally, all-trans-RAL is known to
the switch from early to late phases of synaptic plasticityform a noncovalent complex that activates the visual
(reviewed by Martin and Kandel, 1996; Yin et al., 1996;transduction pathway with about 10% the efficiency of
Silva et al., 1998). CREB-dependent transcription is ac-photoactivated opsin. Thus, the patients and mice expe-
tivated by multiple protein kinases, including cAMP-rience a phenomenon called ªequivalent lightº (Fain et
dependent protein kinase (PKA), Ca21/CaM-dependental., 1996).
protein kinases I and IV (CaMKI and CaMKIV), RSK2, andThe discovery of a ªretinoid pumpº is a surprise to
other protein kinases downstream of the MAP kinasemany, since it was assumed that diffusion of retinoids
cascade. In all cases, phosphorylation of CREB on Ser-within the photoreceptors would suffice. However, upon
133 is thought to be critical for CREB interaction withreflection, the special properties of the rod photorecep-
the CREB binding protein (CBP), which then recruits thetor probably demand such a mechanism. Rods are de-
basic transcription machinery to the CREB-regulatedsigned to operate at very high sensitivity in dim light,
promoter.and this property cannot be achieved as long as there is
Studies in diverse systems, including Aplysia, Dro-all-trans-RAL in the binding pocket of opsin. It therefore
sophila, and mice, have implicated CREB in synapticbehooves the cell to rid itself of all-trans-RAL as quickly
plasticity and learning and memory (Martin and Kandel,as possible. This photoproduct apparently hooks a ride
1996; Yin et al., 1996; Silva et al., 1998). In Aplysia,on a substrate commonly pumped by ABC transporters
injection of phosphorylated CREB1 is sufficient to in-that move phospholipids from one leaflet of the bilayer
duce a long-term synaptic facilitation that lasts 24 hr.to the other (ªphospholipid flippasesº). Unfortunately,
Drosophila that express a dominant-negative CREB mu-for those individuals with mutations in ABCR, the RPE
tant fail to learn an odor-specific memory task. Mice inand photoreceptors ultimately pay a high price for this
elegant mechanism. which the a and d isoforms of CREB have been deleted
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through homologous recombination show deficits in These results leave several questions open. Does the
spatial learning and a decrease in the protein synthesis± LTD-inducing protocol stimulate CREB phosphorylation
dependent late phase of hippocampal LTP (but show on Ser-133 and does it activate CREB-mediated gene
normal early-phase LTP). In hippocampal neurons, CREB transcription? Is such phosphorylation directly medi-
phosphorylation depends on complicated and inter- ated by CaMKIV or does this kinase act through other
acting kinase cascades, involving an ERK/MAP kinase signaling pathways? Is CREB activation required for late
cascade, PKA (Impey et al., 1998), and CaMKIV (Diesser- LTD that is induced by synaptic stimulation in cerebellar
oth et al., 1998). slices? Do mice deficient in CREB exhibit deficits in
So far, examples of CREB-mediated synaptic plastic- cerebellar-dependent motor learning? Finally, is CREB
ity all involve the long-term enhancement of synaptic also required for hippocampal late LTD? And if so, how
transmission (i.e., LTP and long-term facilitation). How- can activation of a single transcription factor contribute
ever, synapses also display long-term decreases in syn- to both synaptic potentiation and depression? Clearly,
aptic transmission, such as long-term depression (LTD) CREB's new role as a regulator of synaptic depression
(see Linden and Connor, 1995). Up until now, it had not provides a powerful potentiating stimulus for future
been known whether CREB-regulated gene expression studies.
is also necessary for these inhibitory forms of synaptic
plasticity. And if gene activation by CREB is required Steven A. Siegelbaum
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the upstream signaling cascades that are needed for its Department of Pharmacology
recruitment? In this issue of Neuron, Ahn, Ginty, and Howard Hughes Medical Institute
Linden (1999) address these questions for the late, pro-
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tein synthesis±dependent phase of LTD in cultured cere-
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bellar Purkinje neurons.
Cerebellar LTD was initially described as a prolonged
Selected Readingsdecrease in synaptic transmission between parallel fi-
bers of presynaptic granule cells and postsynaptic Pur- Ahn, S., Ginty, D.D., and Linden, D.J. (1999). Neuron 23, this issue,
kinje neurons (Linden and Connor, 1995). It is typically 559±568.
induced by pairing climbing fiber stimulation, which pro- Deisseroth, K., Heist, E.K., and Tsien, R.W. (1998). Nature 392,
duces a large excitatory response in the Purkinje neuron, 198±202.
with granule cell stimulation. Although the mechanism Impey, S., Obrietan, K., Wong, S.T., Poser, S., Yano, S., Wayman,
of LTD induction in cerebellar brain slices is somewhat G., Deloulme, J.C., Chan, G., and Storm, D.R. (1998). Neuron 21,
869±883.controversial, the Linden group has developed a simpli-
fied system to study LTD in isolated, cultured Purkinje Linden, D.J. (1996). Neuron 17, 483±490.
neurons. Here, LTD of the postsynaptic response to Linden, D.J., and Connor, J.A. (1995). Annu. Rev. Neurosci. 18,
319±357.iontophoretic application of glutamate is produced by
pairing Purkinje neuron depolarization (mimicking climb- Martin, K.C., and Kandel, E.R. (1996). Neuron 17, 567±570.
ing fiber stimulation) with activation of postsynaptic glu- Silva, A.J., Kogan, J.H., Frankland, P.W., and Kida, S. (1998). Annu.
Rev. Neurosci. 21, 127±148.tamate receptors (mimicking parallel fiber input). In this
reduced system, LTD has both an early, protein synthe- Yin, J.C., and Tully, T. (1996). Curr. Opin. Neurobiol. 6, 264±268.
sis±independent component and a late, protein synthe-
sis±dependent component (Linden, 1996). Now, the Lin-
den group has gone on to show that late LTD in Purkinje
neurons requires CREB activation and that this activa-
tion requires CaMKIV. Upsetting the Balance:Using particle-mediated gene transfection to provide
VGF and the Regulationa powerful molecular scalpel, Ahn et al. (1999) find that
expression of a dominant-negative form of CREB (which of Body Weight
inhibits CREB binding to DNA and gene activation)
blocks late, but not early, LTD. Dominant-negative forms
of CaMKII and CaMKIV, as well as a calmodulin trap
Animal survival depends upon the ability to maintain athat is targeted to the nucleus, also inhibit late, but not
relatively constant body mass despite varying accessearly, LTD. The authors performed a series of careful
to food. The last five years have seen a revolution in ourcontrol measurements to show that the inhibitory effects
understanding of this difficult balancing act, providingof these constructs were not due to inhibition of the
molecular and genetic confirmation of the classical ªset-early calcium signaling pathways necessary for the in-
pointº model of energy homeostasis. In order to regulateduction of LTD. A role for CaMKIV is consistent with
body mass, an animal must first be able to monitorstudies in hippocampal neurons that show that Ca21-
energy stored as fat and then adjust food intake anddependent activation of CREB depends on the translo-
energy expenditure appropriately. While there has beencation of Ca21/CaM to the nucleus, where it activates
an explosion of knowledge about how fat stores areCaMKIV, the principle nuclear isoform of CaM kinase
measured and appetite regulated, relatively less has(Deisseroth et al., 1998). Inhibition of other protein kinase
been learned about how the brain regulates energy ex-cascades implicated in hippocampal LTP, such as PKA
penditure. In this issue of Neuron, Hahm et al. (1999)and p42/p44 MAP kinases, failed to block LTD in the
Purkinje neurons. report the surprising result that mice lacking VGF, a
